Effect of lignin diffusion on kraft delignification kinetics as determined by liquor analysis. Part II, Theoretical analysis by Moeser, Geoff et al.
Institute of Paper Science and Technology 
A tanta, Georgia 
IPST Technical Paper Series Number 864 
Effect of Lignin Diffusion on Kraft Delignification Kinetics as Determined by Liquor Analysis. 
Part I I: Theoretical Analysis 
J. Li, G. Moeser, and C. Mui 
June 2000 
Submitted to 
Journal of Pulp and Paper Science 
Copyright@ 2000 by the Institute of Paper Science and Technology 
For Members Only 
INSTITUTE OF PAPER SCIENCE AND TECl-lNOLOGY 
PURPOSE AND MISSiONS 
The tnstitute of Paper Science and Technology is an independent graduate school, research organization, and information 
center for science and technology mainly concerned with manufacture and uses of pulp, paper, paperboard, and other forest 
products and byproducts. Established in 1929 as the Institute of Paper Chemistry, the Institute provides research and 
information services to the wood, fiber, and allied industries in a unique partnership between education and business. 
The Institute is supported by 52 North American companies. The purpose of the Institute is fulfilled through four missions, 
which are: 
l to provide a multidisciptinary graduate education to students 
hho rise into leadership positions within the industry; 
who advance the science and technology of the ind ustry and 
l to conduct and foster research that creates knowledge to satisfy the technological needs of the industry; 
l to provide the information, expertise, 
business performance; 
and interactive learning that enables customers to improve job kJIOWledg8 
l to aggressively s88k out technological opportunities and facilitate the transfer and implementation of those technologies in 
collaboration with industry partners. 
ACCREDITATION 
The Institute of Paper Science and Technology is accredited by the Commission on Colleges of the Southern Association of 
Colleges and Schools to award the Master of Science and Doctor of Philosophy degrees. 
NOTICE AND DISCLAIMER 
The Institute of Paper Science and Technology (IPST) has provided a high standard of professional service and has put forth 
its best efforts witbin the time and funds available for this project. The information and conclusions are advisory and are 
intended only for internal use by any company who may receive this report. Each company must decide for itself the best 
approach to solving any problems it may have and how, or whether, this reported information should be considered in its 
approach. 
IPST does not recommend particular products, procedures, materials, or service. These are included only in the interest of 
completeness within a laboratory context and budgetary constraint. Actual products, materials, and services used may differ 
and are peculiar to the operations of each company. 
In no event shalt IPST or its employees and agents have any obligation or liability for damages including, but not limited to, 
consequential damages arising out of or in connection with any company’s use of or inability to use the repotted information, 
IPST provides no warranty or guaranty of results. 
The Institute of Paper Science and Technology assures equal opportunity to all qualified persons without regard to race, color, 
religion, sex, national origin, age, disability, marital status, or Vietnam era veterans status in the admission to, participation in, 
treatment of, or employment in the programs and activities which the Institute operates. 
Effect of Lignin Diffusion on Kraft Delignification Kinetics as Determined by 
Liquor Analysis. Part II: Theoretical Analysis 
Jian Li, Geoffrey Moeser’and Collin Mui 
Institute of Paper Science and Technology, 500 10” Street, Atlanta, GA 30318, USA 
email: jian.li@imt.edu. To whom correspondence should be addressed. 
‘Now with Department of Chemical Engineering, MIT, Cambridge, MA, USA 
2Now with Department of Chemical Engineering, Stanford University, Stanford, CA, 
USA 
Abstract 
This study provides the theoretical analysis of the effect of lignin diffusion on the 
kraft delignification kinetics of black spruce as determined by liquor analysis. The rate of 
lignin transport from wood chips to bulk liquor is modeled with an equation describing 
non steady-state, one-dimensional diffusion with an internal generation term from 
chemical reaction. An exact solution was derived for this equation. A program based on 
spreadsheet macro was developed to calculate the dissolved lignin-concentration profiles 
in the wood chips. It is found that the measured lignin concentration in cooking liquor 
can be accurately described by the diffusion model. The theoretical calculation confirms 
the experimental finding obtained that the effect of temperature on the lignin 
concentrations from liquor analysis could not be described by using the classical value of 
134 kJ/mol for the activation energy for kraft cooking of black spruce. The activation 
energy measured experimentally is lower because diffusion has a stronger effect on the 
measured lignin-dissolution rate at higher temperatures. The model is also used to 
evaluate the lignin concentration profiles within wood chips and the bulk and intrachip 
lignin concentrations as a function of chip thickness and temperatures. 
, . 
Introduction 
Our previous report presented an experimental evaluation of the effect of lignin 
diffusion on the kraft delignification kinetics of black spruce as determined by liquor 
analysis [ 11. In the study, the measured lignin concentration in cooking liquor was 
compared to the values calculated by using the delignification kinetics expressed through 
the well-known “II” factor [2]. The comparison indicated that the effect of temperature 
on the lignin concentrations from liquor analysis could not be described by using the 
classical value of 134 kJ/mol for the activation energy for kraft cooking of black spruce. 
A lower value of activation energy gave a better fit to the data. It was concluded, 
therefore, that diffusion limitation played an important role in the delignification rate as 
measured by liquor analysis. The higher the reaction rate, the stronger the mass transfer 
limitation is. For example, the measured rate was more than two times lower than the 
theoretical value at 18OOC. Based on the study, it was suggested that cooking temperature 
or chip thickness or both have to be significantly reduced to eliminate the diffusion effect 
on the measured rate. 
This report is intended to provide the theoretical background and confirmation 
about the conclusion drawn from the experimental study, i.e., the lignin-dissolution rate 
measured by liquor analysis could be significantly affected by diffusion. The calculated 
lignin-diffusion rate is compared with the experimentally measured rate reported in the 
last report. 
Theory 
Mathematical Model of Lignin Difision 
The rate processes involved in kraft cooking of wood chips are the same as most 
other liquid-solid reactions. Mobile reactants (hydroxide and hydrosulfide ions) first 
diffuse into the wood chips and then react with the “non mobile” lignin polymer. After 
the degradation reaction, soluble lignin macromolecules diffuse out of the fiber walls and 
the wood chips into the bulk cooking liquor (liquor outside the chips) to complete the 
kraft delignification process. External mass transfer, i.e., outside of wood chips in bulk 
liquor, is generally unimportant in laboratory digesters because of the high liquor- 
circulation rate, which is true for most industrial digesters as well. 
Under certain conditions, e.g., thin chips and low temperature, diffusion of the 
cooking chemicals may not be a rate-limiting step for kraft delignification reaction [3,4]. 
The degradation rate of the lignin polymer is then controlled by the kinetic rate. The 
dissolution rate of the dissolved lignin from the wood chips into the bulk liquor, however, 
can still be strongly influenced by the intrachip diffusion rate of lignin because the size of 
the degraded lignin molecules is still rather large, e.g., 5000 Dalton in average molecular 
weight [5-71. This dissolution rate can be described by the equation for non steady-state, 
one-dimensional mass transfer with an internal generation term from the chemical 




at 2 + R(t) ax 
where C is the concentration of the dissolved lignin, D is the diffusion coefficient of 
lignin, and R is the rate of dissolved lignin generated from chemical reaction. The initial 
and boundary conditions to solve the equation include: 
C=C,=O (at initial, or t = 0) (2) 
dC - I 0 
ax 
(at chip center, or x = Z/2) 
c, =c, =c, (at chip edge, or x =O, I) (9 
where I is the thickness of the chip. Since the diffusion coefficient, D, the lignin 
degradation rate, R, and the bulk concentration of dissolved lignin, C,, are functions of 
time, equation (1) cannot be solved analytically. 
Analytical Solution 
If a very small time interval, At, is considered, all three parameters above can be 
treated as constants, D,, R,, C, t, at a given time. In this situation, equation (1) becomes: ? 
ac -I D a2c 
ar - T+Rt t ax 
where z is the time parameter within the At. The initial and boundary conditions for 
equation (5) are 
C=fW (z=O,O<Z<z) (6) 
c, =c, =c,, 9 (at chip edge, or x =O, I) (7) 
For this problem with the above inhomogeneous boundary condition, an analytical 
solution is obtained in this work, which is not found in the classical textbooks dealing 
with mathematics of diffusion and heat conduction [8, 91. The procedure is briefly 
outlined here. First, let the solution C(x, zj consist of a steady-state solution v(x) and a 
transient solution w(x, z), i.e., 
C(x,z) = v(x) + w(x,z) (8) 
D a2v 
t ,+R, =0 ax (9 
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To solve for v(x), let ac - = 0 and applying condition v(o) = v(l) = CbSt, hence 
ar J 
V(X) = $(Z-x)x+C,, t 
For the transient solution w(x, z), the homogeneous equation (9) is solved by 
separation of variables, Fourier series techniques, and eigen functions evaluation with the 
initial condition, w&O) = f(x) - ( ) v x , and the boundary condition, ~(0, z) = w(Z, z) = 0. 
The transient solution W(X, z) can be expressed as 
w&z) = $Cn,t exp 
n-l 
where 
n72x sin - ( 1 1 
[ ( f( 1 x- $-(Z-x)x+& ,I ( 1 sin 7 dx (13) t 
After substituting equations (1 l), (12), and (13) into equation (8), we have the solution 
for equation (5). The general solution at the end of each small time interval, At, and any 
given t and x is 
n2z2At 
2 1 
By using equation (14), the dissolved lignin-concentration profile across the chip 
thickness during a kraft cook can then be simulated by solving for the lignin profile over 
a small time step, At, and using this profile as the initial f(x) function in order to solve for 
the lignin profile in the next time step. This process is repeated until the desired time is 
reached. Because of the complexity of the exact solution (equation (14)) and the 
associated parameters (defined later in equations (15)(19)), a macro program (model) 
had to be written in Excel spreadsheet to accomplish this numerical calculation. Since the 
quantities that the model solves for involve infinite series (equations (14), (16), and (17)), 
care must be taken to ensure that convergence of the infinite series is reached, which may 
require a large value of yt, depending on the dimensionless number Dtf. 
Calculation of equation (14) requires knowing the parameters, D, R,, Cqt, f(x), and 
Cbt,, which are further described in the following section. Among them, the bulk lignin 
concentration, Cbo as a function of time is the most important parameter to examine since 
it can be compared with the experimentally measured values. 
4 
Solution of C,, 
The analytical solution involves the term CISt (equation (13)). It has a constant 
value for each value of n in the infinite series. If f(x) is complex, the integral part 
containing f(x) has to calculate via numerical integration method. The exact solution is 
derived for the problem in this study. This involves substituting the exact equation for f(x) 
into the CRI expression (equation (13)). The exact equation for f(x) is C(x; t-At), that is, 
the equation (14) for C(x, t) using the values of QJ~ , Rt-dt etc . . . from the previous time 
step. C,, can, therefore, be solved analytically, and is found to be: 
The Boundary Condition 
The boundary condition, Cbt, can be obtained from the mass balance, i.e., the 
mass of dissolved lignin removed f&m the chip equals the mass increased in bulk liquor 
over the interval At: 
C b,t = C b,t-At + - ‘v average t At )) 9 >- (16) 
where vvOid and &,k are the liquor volumes in chip void and in bulk, respectively. 
C vave,agGt is the integral average value of the concentration profile over the chip and can be 
solved from equation (14): 
C 
n2r2At = 
v,average,t +‘b,t + 1 2 (17) 
Kinetic Rate of Dissolved-Lignin Generation R, 
The procedure used in Part I of this study is used to estimate the kinetic rate at 
different temperatures [l]. The measured rate at the lowest temperature, 155”C, which is 
the least affected by diffusion, is used as the basis rate. The increased kinetic rate at 
higher temperatures is calculated from the rate at 155OC corrected with the Arrhenius 
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where (dLldt), is the rate at temperature T, and (dL/&&~ is the rate at 155OC. To avoid 
the error from the transition from initial to bulk delignification phase, the rate is 
calculated at a given lignin content on wood using the rate at 155OC at the same lignin 
content on wood. 
Difision Coeficient D, 
. 
An average diffusion coefficient based on an average molecular weight of 5,000 
Dalton is calculated from the Stokes Einstein equation and adapted to different 
temperatures by an Arrhenius expression [3]: 
Where k is Boltzmann’s constant (1.38 x lo-= J/K). P is the radius (=1.2 nm) of the lignin 
molecule at 5,000 Dalton, which is calculated based on a correlation in the reference [5- 
6]. p is the liquor viscosity at 20°C. 
Results and Discussion 
Model Validation 
The exact solution of equation (5) requires that the time step is small enough so 
that the parameters, like D,, R, and Cbt, can be treated as constants. When the time step 
was reduced to 3 seconds from 6 seconds, the difference of the calculated concentrations 
was less than 1%. Most of the results presented were obtained using 6 seconds as the time 
step. 
Figure 1 shows the concentrations of the dissolved lignin in the cooking liquor as 
a function of cooking time obtained at five different cooking temperatures. The symbols 
are the measured values described in the last paper. The lines represent the calculated 
concentrations of the bulk liquor from the model. The chip thickness used was 5 mm in 
all five cases. The agreement between the model prediction and the experiments are very 
good. At lower temperatures, i.e., 155 and 16O”C, the model gives slightly lower values 
at about 90 to 150 minutes when the kinetic rate reached the highest level. At this time 
range, the model probably overestimated the diffusion effect. One of the reasons for this 
discrepancy is the chip thickness of 5 mm is probably higher than the average chip 
thickness. At above 200 minutes, the agreement becomes excellent. On the other hand, 
the model gives slightly higher values at the later stage of cooking for the two cooks at 
the higher temperatures, i.e., 175 and 180°C indicating that the model underestimated the 
diffusion effect. The diffusion coefficient used in this calculation was only corrected for 
the temperature effect, but not corrected for the effect of the viscosity increase of black 
liquor from the higher solids content. The actual diffusion coefficient should be lower at 
the higher solids content. Since the diffusion limitation is much more serious at the 
higher cooking temperatures, dissolved lignin must have greatly accumulated within the 
6 
chips. The calculated results would have greater dependence on the accuracy of the 
diffusion coefficient. 
Temperature Effect -Analysis Based on the “H” Factor Theory 
It was derived in the first part of this study that the dissolved lignin concentration 
of the bulk liquor plotted against “H” factor should be independent of cooking 
temperature if the lignin dissolution rate depends on the kinetic delignification rate and is 
not affected by diffusion. However, the experimental data could not fall onto the same 
line when the “II” factor is calculated from the activation energy of 134 kJ/mol (32 
kcal/mol). Values higher than 134 kJ/mol (32 kcal/mol) led to even higher degrees of 
divergence while lower values improved convergence. An activation energy of 100.5 
kJ/mol (24 kcal/mol) gave the highest degree of convergence. The same excess is 
performed on the calculated bulk lignin concentrations. The results are shown in Figure 2. 
When Cb is plotted against the standard “H” factor, the lines are separated from each 
other in the large part of middle range where the delignification rate is high. As was 
found for the experimental data, the lower activation energy, 24 kcal/mol, led to better 
convergence of the lines. The results shown in Figure 2 are almost the replicate found for 
the measured data, confirming that the rate of lignin dissolution can be significantly 
affected by the diffusion rate. 
Concentia tion Profiles within the Chips 
In addition to the bulk lignin concentration, the model solution also gives the 
dissolved lignin-concentration profiles across the chips and the average concentrations. 
Figure 3 shows the concentration profiles across the chips for the five cooks at different 
temperatures. The thickness used in the calculate was 5 mm. The time interval between 
each profile is 20 minutes for the first four cooks and 10 minutes for the cook at 18OOC. 
The lower values at the boundary indicate that the accumulation of the dissolved lignin 
within the chips already started at the early part of cooking. The accumulation reached 
the highest level at 80 to 100 minutes. At the highest temperature, i.e., 18O”C, the 
concentration at the center is about twice that at the edge at 90 minutes. Diffusion 
limitation cannot be neglected even at 155OC during the bulk delignification phase. 
When the average intrachip concentrations, C,, a, are compared with the bulk liquor 
concentrations, C,, in Figure 4, the same conclusion can be drawn, i.e., the bulk 
concentration does not represent the true kinetic rate of delignification under certain 
conditions. Therefore, this result demonstrates that diffusion limitation is difficult to 
eliminate by simply reducing the reaction rate with lower temperatures. . 
The Effect of Chip Thickness 
The much more effective way to minimize the diffusion limitation is to reduce the 
chip thickness. The effect of chip thickness on lignin-dissolution rate is examined with 
the present model. The temperature of the cook is 17OOC. In addition to the 5-mm chip, 
shown in Figure 3, the simulation was performed with five other thicknesses: 1, 2, 3, 7, 
and 10 mm. The calculated dissolved lignin-concentration profiles are shown in Figure 5. 
The time interval between each profile is 20 minutes. The dissolved lignin accumulation 
within the thick chips, e.g., 7- and lo-mm chips, is very significant. At 3-mm thickness, 
the accumulation is not negligible when the kinetic rate is the highest at about 100 
minutes. The difference of the concentrations between the center and the edge, i.e., the 
bulk, at 90 minutes is still more than 20%. As the chip thickness is further reduced to 2 
and 1 mm, the effect of difision rate on the bulk lignin concentration becomes less 
important. The center value at the highest kinetic rate is about 15% different from the 
bulk concentration. At other times, the difference is much smaller. 
. The calculated rate of lignin dissolution also confirms that when chip thickness is reduced to 2 mm or below, the lignin dissolution rate is not significantly affected by the 
diffusion rate. At 2 mm, the dissolution rate is only about 7% different from the kinetic 
rate at the highest kinetic rate, while at 1 mm, the difference is further reduced to 2%. 
Therefore, delignification kinetics of a kraft cooking could be obtained from dissolved- 
lignin analysis in bulk liquor if the kraft cooking is conducted with l-mm-thick wood 
chips and at temperatures not higher than 17OOC. Other restrictions are that wood chips 
should be well impregnated with the cooking liquor, and that the cooking chemical 
concentration should not be too high to lead to a much higher kinetic rate. With 2=mm- 
thick wood chips, the error could still be acceptable. 
Conclusions 
An exact solution was derived for the partial differential equation describing the 
rate of lignin transport from wood chips to bulk liquor. To calculate the numerical results, 
a simulation program based on spreadsheet macro method was developed to obtain the 
numerical values. The numerical results indicate that the measured lignin concentration in 
cooking liquor can be accurately described by the diffusion model. The theoretical 
analysis confirms the finding obtained experimentally that the rate of lignin dissolution 
from liquor analysis measured at high temperatures was strongly hindered by the 
diffusion process. Thus, a lower value was measured for the apparent activation energy. 
The exaction solution derived in this work can be a useful tool to establish the conditions 
required for wood delignification kinetic studies based on bulk pulping liquor analysis. 
For example, for softwood kraft pulping, it is possible to measure the true kinetic rate 
from liquor analysis if the wood chip is not too much thicker than 1 mm and the 
temperature is not higher than 17OOC. 
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Figure 1. The concentration of the dissolved lignin in the bulk cooking liquor as a 
function of cooking time and cooking temperature. The symbols are measured by ATR- 
FTIR technology [l] during cooking, and the lines are calculated using the diffusion 
model. The agreement is relatively good. 
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Figure 2. The calculated lignin concentration in the bulk cooking liquor plotted against 
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Figure 3. Dissolved lrgnm concentration profiles 
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within the 5-mm chips at different 
cooking temperatures. Time interval between the profiles is 20 minutes for the four cooks 
at lower temperatures and 10 minutes for the cook at 1 80°C. 
1 
0 
IL, , lyoc 




50 100 150 200 
Time (min) 




Figure 4. The average concentration of dissolved lignin within chips is compared with the 
concentration in bulk liquor as a function of cooking time. The chip thickness is 5 mm. 
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Figure 5. Dissolved lignin-concentration profiles within wood chips for five different 
thicknesses: 1, 2, 3, 7, and 10 mm. The cooking temperature is 17OOC. Time interval 
between the profiles is 20 minutes. The diffusion process has negligible effect on the rate 
of delignification from the bulk liquor when the chip thickness is reduced to 1 mm. 

